In this study, we fabricated Organic Field Effect Transistors (OFETs) using an Au/P3HT/SiO 2 /n ++ -Si structure. The organic poly(3-hexylthiophene) (P3HT) films with various thickness, which were controlled by changing weight concentration of P3HT in chloroform (CHCl 3 ) solvent, have been fabricated using a solgel method. The correlations of mobility and on/off current ratio depend on various thickness of P3HT films are revealed. The mobility of the P3HT films were about 1.1, 2.2, and 2.8 © 10
Introduction
As the idea of organic electronics is extremely attractive for integrated displays, radio-frequency identification and other TFTs, the Organic Field Effect Transistors (OFETs) have received considerable interest in recent several years. 1),2) One of the important advantages of organic materials is the low cost fabrication. Therefore, the OFETs is being made to overcome the encountered problem that silicon solutions remain economically out of reach due to high material costs, processing costs, and the need for complex fabrication system. Through the solution processing, where devices can be fabricated at low temperatures and for the large area, low cost points can be achieved.
Poly(3-hexylthiophene) (P3HT) is an organic semiconductor used in Organic Thin Film Transistors (OTFTs) which is soluble in organic solvents. One of the key strategies to achieve high electrical performance of it is to develop well interconnected crystal structures via annealing temperature because the cross linking of organic semiconductor is affected by thermal budget. 3) It has been reported that, various ³-conjugated polymers applied to FETs, regioregular poly(3-hexylthiophene) shows an efficient field-effect mobility for holes when the active layer is carefully fabricated with respect to the formation of ordered microcrystalline domains by optimizing the physical properties of the polymer (e.g., molecular weight, regioregularity) and the substrate-surface condition. 4), 5) In general, high mobility in P3HT is related to the degree of order of the polymer chains leading to lamellar structures having 2-D conjugated sheets formed by ³³ inter-chain stacking. The interactions between the ³-stacked polymer chains influence the two-dimensional electronic transport and therefore the mobility of the polymer films. The polymer chain stacking depends on the molecular parameters (regioregularity, molecular weight, and side chain length).
6),7)
As a solution-processible organic semiconductors with high head-to-tail regioregularity and molecular weight shows better field effect mobility and on/off ratio. 8),9) And the good solvent such as chloroform (CHCl 3 ), a coil-like regioregular P3HT grows into one-dimensional crystallities of different scales in crystallinity, morphology, and orientation, which are significantly affected by solvent drying time.
10)14) Chloroform, also known as trichloromethane and methyl trichloride, is a chemical compound with formula CHCl 3 . It does not undergo combustion in air, although it will burn when mixed with more flammable substances. It is a member of a group of compounds known as trihalomethanes. Chloroform has myriad uses as a reagent and a solvent.
In this work, we fabricated poly(3-hexylthiophene) films using a solgel method as a active layer for organic thin film transistors. And we also report the electrical properties and surface roughness with annealing temperature and various thicknesses of P3HT-OTFTs.
Experiment
Device for the thin-film transistors was made with thermally grown on silicon gate dielectric layer. The regioregular P3HT (Aldrich Chem. Co.) was used as active layer, which is solved in chloroform. Thickness of film was controlled by changing weight concentration of P3HT in solvent with constant speed and coating time of spin coater. Various conditions with thickness by controlling concentration such as 0.4, 0.7, and 1.0 wt % were introduced. The P3HT solution was also spin-coated on the SiO 2 / n ++ -Si structures at 2500 rpm for 25 s. The coated P3HT films were annealed from 100 to 140°C for 1 h on a hot-plate to remove the solvent. For electrical measurements of Au/P3HT/ SiO 2 /n ++ -Si structure, Au top-contact electrodes were thermally evaporated onto the surface of the fabricated P3HT films. The electrodes were patterned through the opened area of shadow mask in chamber. To investigate the thermal effects and nominal characteristic of P3HT organic semiconductor layer which have severe sensitivity to the oxygen and moisture in ambient, we considered most stable process manual that control the molecular density of channel layer and thickness with concentration of organic solvent. The electrical properties were measured with an HP 4155A parameter analyzer fixed at 1 MHz frequency, with the samples kept at room temperature and in a dark, in the shielded box. The surface of P3HT films were scanned through the Atomic Force Microscopy (AFM) within 2 © 2¯m 2 area.
Results and discussions
To clarify the correlation between the active layer thickness and electrical properties, we modified the concentration of P3HT solution by weight percentage of P3HT powder to chloroform. The measured thickness were 100, 150, 200 nm for 0.4, 0.7, 1.0 wt %, respectively. Figure 1(a) shows that drain currents depend on drain voltage is increasing as the concentration is increasing. The drain current variance among three-concentration samples indicates the current at channel is affected by thickness of active layer. The amount of increased current is larger at 1.0 wt % of P3HT than 0.7 wt % when both conditions are compared to 0.4 wt % of it. But, the tendency is not linear to the thickness rather the increased drain current is likely to be saturated. From this result, we could expect the effective current path near the gate dielectric is confined to the thickness. Figures 1(b) , (c) show the drain current, and square root of drain current versus gate voltage plot with increased thickness of P3HT film. These results indicate that the decrease of current on/off ratio is originated from off current. As thickness is increased, the off current is slightly increased and the threshold voltage is dependent on the concentration of P3HT due to its different amount of accumulated charge at the channel layer when the negative bias is applied. It is expect that the threshold voltage shift is due to the amount of accumulated charge at channel layer but the off current below 0 bias is not stem from the path of channel layer. Because the positive charge that contribute the drain current could not accumulated at positive bias. Although the exact ratio is not estimated, the off currents might have two kind of current paths. The one is the channel path and another is above the channel layer which is directly connected to electrodes get away from charge accumulation at channel layer. Figure 2 shows the mobility and current on/off ratio of P3HT-based OTFT annealed at 140°C. The mobility of the P3HT films were about 1.1, 2.2, and 2.8 © 10
] for 0.4, 0.7, 1.0 wt %, respectively. On the other hand, the current on/off ratio grain of the P3HT films were about 28.4, 20.5, and 11.5 for 0.4, 0.7, and 1.0 wt %, respectively. The off current is measured at 0 gate voltage where the current is mostly independent of gate voltage. It is noted that almost similar values between the values of low and high concentration of P3HT are supported by the effective channel layer thickness. For this reason, it is often stated that practically all the charge of the channel resides near the insulatorsemiconductor interface.
15) But, the density of charge-carriers remains non-negligible even far from the insulatorsemiconductor interface. Therefore, it is assumed that different thickness above effective channel layer weakly contributes to the charge transportation. On the other hand, the remained charge such as electron or hole, which is distributed in bulk area, induces leakage current. Figure 3 shows the surface morphological images of the P3TH thin films measured by AFM. The measured area was 2 © 2¯m 2 . The root mean-squared (RMS) surface roughness of the P3HT films were about 1.5, 4.0, and 8.0 nm for 0.4, 0.7, and 1.0 wt %, respectively. Interestingly, the surface roughness of the P3HT film with 0.4 wt % was a little better than others. The roughness of films is increasing as the concentration is increased. We think this increased roughness is stem from the fact that the large variation occurs thicker film while spin coating process is conducted. Because the thicker film needs more centrifugal force to form smooth surface. The grain size of the P3HT films were about 2.0, 2.5, and 8.0 nm for 0.4, 0.7, and 1.0 wt %, respectively. We could find the large grain size at films consist of high concentration of P3HT. The increased grain size means both the thicker stacked plane of molecular structure and highly packed molecular structure. Figure 4 illustrates output and transfer characteristics of OTFTs based on P3HT devices through thermal annealing temperature from 100 to 140°C. These figure show that increase in the both on and off state drain currents and decreased current on/off ratio that occurs for films annealed at high temperature. It is also noted that the calculated saturation mobility is not linear with annealing temperature, it is due to parasitic leakage current pathways reside in bulk area of organic semiconductor. Also, the sweeping effect at high voltage bias could remove the trapped charges at interface. Figure 5 shows that the tendency of mobility with concentration of P3HT and its annealing temperature is evident from the assorted mechanisms of molecular structure formation with various temperature exposures and different amount of buried solvent molecules. As the annealing temperature is increase, the mobility is increase within range from 100 to 140°C. The mobility of the P3HT films with 1.0 wt % were about 0.9, 1.7, and 2.8 © 10 ¹3 [cm 2 V ¹1 s ¹1 ] for 100, 120, and 140°C, respectively. On the other hand, the current on/off ratio grain of the P3HT films with 1.0 wt % were about 158.6, 13.6, and 11.5 for 100, 120, and 140°C, respectively. It shows the tendency to another concentration of P3HT. It also indicates that the annealing temperature strongly affects the mobility increase at thick film than thin film. This result means the thermal damage onto active channel layer is weaker at thick films due to its large bulk state area, which acts as shield layer above the active channel layer. And this principle copes with the experimental result of various concentrations.
Conclusion
In this work, organic thin film transistors based on poly(3-hexylthiophene), Au/P3HT/SiO 2 /n ++ -Si structure have been studied. Through the experiment, the correlations of mobility and on/off current ratio depend on various thickness of P3HT films are revealed. The mobility of the P3HT films were about 1.1, 2.2, and 2.8 © 10 ¹3 [cm 2 V ¹1 s ¹1 ] for 0.4, 0.7, and 1.0 wt %, respectively. On the other hand, the current on/off ratio grain of the P3HT films were about 28.4, 20.5, and 11.5 for 0.4, 0.7, and 1.0 wt %, respectively. It has been also shown that molecular structure by thickness of active layer would have effect on electrical properties of OTFTs. As the annealing temperature is increase, the mobility is increase within range from 100 to 140°C. From these results, this fundamental analysis provides the basic principle for the flexible organic electronics, when the plastic substrate is considered. Journal of the Ceramic Society of Japan 118 [11] 1094-1097 2010
